We compared the immunohistochemical reactivity of various rat leukocyte antigens in frozen and paraffin-embedded thymus, spleen, abdominal lymph node, liver, and brain tissues of healthy Sprague-Dawley rats, f t e d in various fixatives. Immune reactivity after fixation in Methacarn was superior to that of 4% neutral buffered f o r m a h , a mercury-based furative (B-9, or Carnoy. Microwave (MW) antigen retrieval Printed in U5.A. (AR) enhanced antigen reactivity. Ten of the 11 leukocyte antigens studied could be retrieved in Methacarn-fixed, paraffin-embedded sections with a reactivity comparable to that obtained on frozen sections. ( J hustochem Cytocbem 44:767-776, 19%) KEY WORDS: Immunohistochemistry; Rat leukocyte antigens.
Introduction
Chemically induced colorectal carcinomas (CRC) in the rat have been used in pathophysiological studies and to design chemotherapy protocols (1, 2) . We are now trying to characterize tumorinfiltrating leukocytes (TIL) in 1,2-dimethylhydratine (DMH)induced CRC in rats. To improve the correlation of immunohistochemistry with morphology, we have systematically analyzed the optimal fixation and antigen retrieval conditions for immunostaining of various leukocyte antigens, defined by monoclonal antibodies (MAbs) to different rat leukocyte markers partly analogous to antigens of the cluster of differentiation (CD) system in humans (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . The reactivity of some of these MAbs has been characterized in normal tissues of the lymphoreticular system and in studies of cellular infiltrates in experimentally induced inflammatory conditions in rat (15) (16) (17) (18) (19) (20) . However, to our knowledge their use has been limited to studies of acetone-fixed cryostat sections, except for MAbs W3113 and OX 8, which were shown to react in paraffin-embedded tissues after fixation in Gendelman's medium [a modified periodate-lysine-paraformaldehyde (PLP) fixative (20) ]. The macrophage antigen ED1 could also be retrieved after fixation in methanol-Carnoy (21) .
The search for an ideal fixative for immunohistochemistry (IMH) in paraffin-embedded tissue must be individualized for each antigen studied, because most antigens are differentially sensitive to fixation and embedding. Therefore, we have chosen a variety of fixatives-aldehydes, alcohols, and heavy metals [i.e., 4% neutral buffered formalin (an aldehyde), a mercury-based fixative (B-5) ( heavy metal), and alcohol-based fixatives (Carnoy and Methcarn) ]. In addition, the recent use of an antigen retrieval solution that allows retrieval of antigenicity in fixed, paraffin-embedded tissues was also included in our staining protocol (22) . We report here on the successful application of such techniques for extended immunohistochemical studies of several rat leukocyte markers defined by MAbs.
Materials and Methods
The animal experiments were performed according to the guidelines of the North Stockholm Committee for ethical review of animal experiments in Sweden.
Processing of Tissues
Four healthy Sprague-Dawley rats (Anticimex; Stockholm, Sweden), approximately 200 g each, were sacrificed with an IM injection of 0.7 ml fluanisonum (10 mglml) and fetanylum (0.2 mg/ml) (Hypnorm; Jansen, Beerse. Belgium) and autopsy was performed immediately. A part of the thymus, spleen and mesenteric lymph nodes, liver, and brain was frozen by plunging the tubes containing the tissue into liquid nitrogen and was stored at -70°C. Another portion of these organs was fixed either in 4% phosphatebuffered formalin for 4-6 hr, in B-> [B-> stock solution (buffered formal-768 SHETYE, SCHEYNIUS, MELLSTEDT, BIBERFELD . . . .
--
RETRIEVAL OF RAT LEUKOCYTE ANTIGENS 771 dehyde sublimate), mercuric chloride 12 g, distilled water 200 ml, sodium acetate 2.5 g; working solution B-5 stock solution 20 ml, add 2 ml of 40% formalin immediately before use (2 3)], in Carnoy (ethanol, chloroform, glacial acetic acid 603010) (24.25) . or in Methacarn (methanol, chloroform, glacial acetic acid 60:30:10), for 3-4 hr (26) . Fifteen 1.2-dimethylhydrazine (DMH)-induced primary colorectal carcinomas of the Sprague-Dawley rats fixed in methacarn were also studied. After fixation, biopsy specimens were transferred to 70% alcohol overnight and then processed to paraffin in an Autotechnicon. A longer cycle (27 hr and 30 min) of the Autotechnicon was used for the formalin-and B->-fixed tissues than for the Carnoy-and methacarn-fixed tissues (20 hrs). Further processing was carried out in a routine manner.
Immunohistochemistry
Paraffin Sections. Paraffin sections (PS) 4-8 pm thick on coated slides (1% Cascol glue in distilled water; AB Kemi Casco, Stockholm, Sweden) wre dried overnight at 56'C. deparaffized in xylene, rehydrated in decreasing grades of alcohol, and rinsed in tapwater followed by PBS (pH 7.4, three washes of 3 min each). Endogenous peroxidase was inhibited by treatment of sections with 500 p1 of 30% H202 in 50 ml PBS for 30 min. followed by washes in PBS (three washes of 3 min each) and in running de-ionized water for 5 min.
Cryosections. Cryostat sections (CS) 8 pm thick were cut, fixed in acetone at -20°C for 10 min. dried overnight at 4"C, wrapped in parafilm, and stored at -70°C. Before immunostaining, the sections were brought to room temperature, dried for 30 min. and processed further as described for the paraffin sections, but omitting the antigen retrieval solution (ARS) treatment.
Antigen RetrievaL Microwave Treatment
A microwave (MW) oven (Miele, M720) with a turntable (a carousel unit) was operated at a frequency of 2450 MHz with a power setting of 780 W. The MW oven was placed in a fume hood. Deparaffinized slides were placed in Hellendal staining jars. The jars were filled with 5 5 ml of diluted ARS (1:4) (Biogenex; San Ramon, CA), covered with loosely fitting screw caps, and placed in a dressing jar. The dressing jar had de-ionized water so as to catch the boil-over. The cooking time depended on the number of Hellendal staining jars, the size of the dressing jar, and the level of deionized water in the dressing jar. It was decided to allow the ARS in the Hellendal staining jars to boil for 1-2 min. and the reaction was terminated by switching off the microwave. The total time for microwave treatment was usually 10-12 min (when four staining jars were microwaved). The staining jar was topped up with the diluted ARS after 5 min, and thereafter the staining jar was inspected every 1-2 min and topped up with diluted ARS if necessary. Care was taken to ensure that the slides were always immersed in the diluted ARS throughout the procedure. After the MW treatment, the staining jars were removed from the MW oven and allowed to cool for 15 min in a fume hood, after which the ARS was drained off and the slides (sections) were washed in running de-ionized water (5 min), fol-lowed by PBS (10 min). The ARS was discarded according to the manufacturer's instructions.
Immunostaining
A double indirect immunostaining method was adopted for both the paraffin (PS) and the cryostat sections (CS). The mouse MAbs and the dilutions used are listed in Table 1 . ARS-processed paraffin sections were incubated (30 min) at room temperature (RT) with normal donkey serum (1:lO) & & o n Immunoresearch; West Grove, PA), drained, and incubated with the respective MAb at 4°C overnight. After washing with PBS. the sections were incubated at RT (1 hr) with peroxidase-conjugated goat anti-mouse IgG, (1:200) (Jackson Immunoresearch), followed by peroxidase-conjugated donkey anti-goat IgG (1:200) for 1 hr at RT (Jackson Immunoresearch), with a washing (PBS) in between. The conjugates were preabsorbed overnight at 4°C with normal rat serum (NRS) and centrifuged before use (1 ml diluted goat anti-mouse IgG was preabsorbed with 3 pl of NRS and 1 ml diluted donkey anti-goat IgG with 2 pl of NRS). The bound peroxidase was visualized by incubation (5-6 min) with a chromogen substrate solution of diaminobenzidine (30 mg/ml) (DAB) (Sigma; St Louis, MO) in 50 ml PBS buffer containing 0.03% H202. After washing in tapwater. the sections were counterstained with Mayer's hematoxylin, dehydrated in increasing grades of alcohol and xylene, and mounted in Eukit (0. Kindler GMBH; Freiburg, Germany).
Controh
In parallel with the paraffin sections, corresponding cryostat sections of lymph node, spleen, and thymus were also immunostained. Liver sections (hepatocytes) were used as a negative control for all the antibodies except for MAb OX 18 (MHC class I) which was evaluated on brain sections (MHC I-negative). To evaluate tissue reactivity of the conjugates, PBS was used instead of the primary antibody.
Evaluation
Comparison of CS with PS Fixed in Formalin, 8-5, Carnoy, and Methacam. The immunoreactivity of the cells in CS was considered as baseline reactivity and the immunoreactivity of cells in respective PS was scored against the CS as follows ( Table 2 ). The density of immunostained cells was scored subjectively as + + + + when a majority of the cells were stained, + + + when two thirds to one half of evaluated cells were stained, + + when one half to one fourth of evaluated cells were positive, + when an occasional cell was positive, and aswhen no cells were specifically stained.
Comparison of Immunostained Cells from Various Regions of Lymph
Node, Thymus, and Spleen in CS with Methacarn-fixed PS. A graticule of 1 cm2, divided into 100 small squares, was inserted into the eyepiece ( x 12.5). and cells of the various regions of lymph node, thymus, and spleen in CS and PS were counted and compared under a high-power lens (x40). Ten fields were counted (Table 3) 
Eflect of Fimtion and ARS Treatment
The effect of various fixatives (Methacarn, Carnoy, formalin, and B-5) on the immunoreactivity of the various leukocyte antigens tested was compared on parallel, immunostained cryosections (CS) and paraffin sections (PS), with or without AFS treatment ( Figures  la-lc) . The effect on immunoreactivity of predigestion with 0.05% pronase (Sigma) at 37°C for 5 min was also evaluated on formalinfixed sections. The results of formalin-fixed, with and without pronase-treated sections were clearly inferior to those obtained on corresponding tissues fixed in Methacarn.
Immunostaining of Methacarn-fixed material most closely corresponded to the results obtained with cryostat sections. In general, Methacarn fixation gave superior immunoreactivity to all antigens tested compared to fixation with neutral buffered formalin, B-5, or Carnoy. An overall comparison (without the intricate cellular details) between CS and PS from various fixatives is presented in Table 2 . Therefore, only the effects of Methacarn fixation on the various antigens tested is reported in detail. All photomicrographs from paraffin sections are from tissues fixed in Methacarn.
The T-cell antigens: W3/13, OX 19, W3/2S, and OX 8
The MAbs W3/13, OX 19, W3125, and OX 8 reacted predominantly with T-lymphocytes, as judged by the distribution and appearance of the reactive cells in spleen, lymph nodes, and thymus of the rats (3,4,6,11) (Figures 1-4) .
Lymph Node. With all the four MAbs, comparable numbers of lymphocytes with T-cell distribution were immunostained in the various regions of the lymph node in both CS and PS (Table  3 ) (not shown). As in the spleen, in addition toT-cells, MAb W3/13 reacted also with plasma cells and polymorphs in both CS and PS (3,6). OX 8 + small lymphocytes predominated in the medullary sinus and medullary cords in both CS and PS, whereas MAb W3/25, in addition to lymphocytes, also appeared to stain medullary sinus macrophages (3,6). (Table 3 ). However, with MAb W3/13 fewer T-cells were stained in the red pulp when ARS and M W were not used ( Figure IC) . As expected, fewer cells reacted with OX 19 than with MAb W3/13. The numbers of positive cells for the antigens W3/25 and OX 8 were not significantly reduced with Methacam fixation, with the exception of cells in the splenic red pulp with both MAbs W3/25 and OX 8 (Table 3 ) and in the periarteriolar lymphoid sheath (PALS) with MAb W3/25. W3/13 was also expressed by a few plasma cells, megakaryocytes, and polymorphs in the red pulp (3,6).
Spleen. The numbers of T-cells stained with MAbs W3113 and OX 19 were comparable in both cryostat sections (CS) and paraffin sections (PS) (Figures la and Ib)

Thymus. Comparable numbers of T-cells reacted in CS and
PS of thymic cortical and medullary regions with MAbs W3/13, OX 19, and OX 8 (Table 3 ) (not shown), whereas in PS, fewer cells were immunostained in the cortex with MAb W3/25 compared to CS (3,6).
The NK-cell Antigen 323
Cells positive for the 323 antigen were demonstrable in CS but could not be detected in paraffin-embedded tissues, irrespective of fixation (13) (Table 3 ) (not shown). In CS, 323+ cells were abundant in the red pulp and the marginal zone of spleen follicles. Significant numbers of 323 + cells were also present in interfollicular areas of the lymph node. Occasional 323+ cells were also seen in the thymic medulla and in liver sinusoids.
The Macrophage Antigens: EDl, ED2, and ED3
Lymph Node. In general, the three MAbs (ED1,2, and 3) reacted in both CS and PS with comparable numbers of cells in the various regions of the lymph nodes. However, with MAb ED2 a cell of the paracortex was occasionally positive ( + I -) in the PS as compared to ( + ) reactivity in the CS (Table 3 ) (not shown). With MAbs ED2 and ED3, fewer cells of the medulla were stained in PS than in CS. In addition, fewer ED3 positive cells of the subcapsular region were seen in the PS than in CS.
Spleen. Immunoreactivity of cells for MAb ED1 in the follicle and red pulp of the spleen was comparable in CS and PS, whereas very few cells of an occasional PALS were positive in PS, as opposed to + + reactivity in CS (Table 3 ) (not shown). In addition, the weak reactivity of marginal zone macrophages in CS was lost in PS. Immunoreactivity of cells for MAb ED2 in the various regions of the spleen was comparable in CS and PS (not shown). With MAb ED3, the weak reactivity of the macrophages of the PALS in CS was lost in the PS (not shown). In addition, fewer macrophages of the red pulp were stained in the PS compared to the CS; in other regions, 
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the immunoreactivity of ED3-positive cells was comparable in CS and PS.
Thymus. Comparable reactivity was observed in the CS and PS of the thymus with MAb ED3, both in the cortex and the medulla, but some reactivity to MAbs ED1 and ED2 in the cortex and CM junction was lost in PS (Figures 2a and 2b) (Table 3 ). The dendritic cell processes of the ED2-positive cells seen in CS were less distinct in PS.
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. ' . , .. -1 .. . , Lymph Node. As in the spleen, comparable reactivity in various regions of the lymph node was seen in both CS and PS, but usually the number of positively stained follicular center cells was relatively low (Table 3) (Figures 3a and 3b ). Similar to the spleen, the cells of the mantle zone were stained more strongly in both CS and PS than were follicular center cells. In the paracortex, OX-33-positive cells formed a distinct rim on the outside of W3/25 positive cells, in both CS and PS.
Spleen. In CS as well as in PS, comparable reactivity was seen in follicles (Table 3) . Interestingly, marginal zone (MZ) cells were more strongly immunostained both in CS and PS than follicular center cells (Figure 4) . In CS and PS both, a few cells of the PALS regions were also stained, but the OX 33 reactivity seen in the red pulp in CS was usually diminished in PS.
Thymus. In the thymic medulla, positive cells either were scattered or formed clusters (Figure 5 ) (Table 3) '.,*-..,)
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The MHC Class II Antigen OX 6
In most regions, some MAb OX 6 reactivity was lost in PS compared to CS of spleen, lymph nodes, and thymus. However, the marginal zone cells of spleen and follicular cells of lymph node showed comparable immunostaining in both PS and CS ( Figures  6a and 6b) ( Table 3 ). The strong epithelial reactivity of the thymic ,.. cortex seen in CS was lost in PS. However, in the thymic medulla, more cells were immunostained in PS than in CS, apparently due to staining of more epithelial cells in PS in addition to the dendritic cell reactivity seen in both CS and PS (not shown).
MHC Class I Antigen OX 18
In all lymphoid tissues tested, comparable reactivity of lymphocytes, plasma cells, polymorphs, and fibroblasts was seen in CS and PS (not shown).
Coiorectal Carcinomas
Tumor-infiltrating leukocytes positive for antigens OX 19, W3/25, and ED1 were demonstrated in Methacarn-fixed specimens from 15 primary colorectal carcinomas of the rat (Figures 7-9 ). However, ED2 was not expressed by macrophages infiltrating the carcinomas.
Discussion
The results obtained by us in cryostat sections are largely similar to those obtained by others (6,8,9,11,13,14) . Despite the use of ARS, the T-cell antigens (W3/13. W3/25, OX 8) could not be satisfactorily retrieved in formalin-and B-5-fixed, paraffin-embedded material. Therefore, the number of cells stained in PS with these fixatives was significantly less than in CS. Evidently, ARS treatment of formalin-and B->-fixed tissues did not retrieve the reactive epitopes of these antigens, and the B-5 fixative previously reported to retain immunoreactivity better than buffered formalin for various antigens (27) did not improve the retrievability of the T-cell antigens compared to formalin fixation. However, our results with the Carnoy's fixative, particularly the Methacarn variant, were clearly superior to formalin and B-5. The various antigens tested were better demonstrable after Methacarn and Carnoy fixation and ARS treatment than after formalin and B-5. It is also surprising that the Methacarn fixative, first described by Puchtler et al. in 1970 (26) . retained immunoreactivity somewhat better than Carnoy (both in intensity of reaction and number of positive cells). These fixatives evidently have very similar chemical properties and differ only by the substitution of ethanol with methanol. This substitution results in better cell preservation and less shrinkage of tissues (25,28), which probably explains the better immunoreactivity seen with Methacam. Furthermore, our results seem to be better than those reported by Martin et al. (20) . Using the Gendelman's medium (a modified PLP fixative), those authors were not able to retrieve antigens OX 19 and W3/25.
Since the description by Mayers in 1970 (29), MW irradiation has been used in histology as a means of fixation and to shorten the time of various steps during processing of tissues for light and electron microscopy (30,31). In 1987, MW irradiation was shown to reduce the time required in immunohistochemistry procedures (32, 33) . Subsequently, MW irradiation was shown, in combination with ARS, citrate, and other buffers, to retrieve antigenicity and increase immunostaining (22,34,35) . The exact mechanism(s) of action of MW irradiation on histological material is not clear. In addition to the heat generated by MW irradiation, a number of hypothetical physical effects may also occur. Field-induced alteration in macromolecular hydrogen bonding, proton tunneling, and disruption of bound water may induce alterations in epitope configuration (30,31,36) .
Thus far, the mechanism of action of ARS remains unclear. Plausible events during the ARS immunostaining procedure probably include formation of H2 bonds by Methacarn (26), disruption of H2 bonds by MW irradiation (30,31,36) , and further cleavage of the H2 bonds between the components of Methacam fixative and various chemical groups in the tissues by ARS. ARS, in addition, also chelates proteins (due to its lead content), as deduced by the precipitate seen in the ARS jar after the M w irradiation. The physicochemical reactions may be catalyzed by the generation of heat. The various physicochemical reactions lead to increased availability and binding properties of the antigens in the immunohistochemical procedure.
These studies provide evidence for increased sensitivity of immunohistochemical staining of various antibodies after Methacarn fixation and ARS treatment. The described method was applied in preliminary studies of the cellular infiltrate in experimentally induced neoplastic disease of rats. Further studies are ongoing to follow the kinetics of the cell-mediated immune response against tumor-associated and other antigens in an experimental rat immunotherapy model.
